Abstract The North China Plain (NCP) is one of the most important food production bases in China. However, its agriculture water resources are threatened by climate change. In this paper, the CROPWAT model is used to evaluate crop water requirement (CWR), crop green water requirement (CGWR), and crop blue water requirement (CBWR) for main crops in NCP (winter wheat, summer maize, cotton, millet, and soybean) with a spatial resolution of 5 arc-minute from 1961 to 2010. Their responses to future climate changes are investigated. The results show that the mean annual total CWR of the main crops during growing periods amounted to 114.68 km 3 a -1 in the past 50 years. More than 72 % of CWR to support NCP crop production is green water. The spatial distributions of CWR, CGWR, and CBWR are closely related to the planting areas and irrigation availability. Summer maize, millet, and soybean are high CGWR crops with proportions of above 84 %, while the lowest CGWR proportion is in winter wheat, 58.89 %. For climate change impacts in future, holding the crop planting system and irrigation conditions unchanged, it is projected that the total CWR in 2030s will require approximately 8.75-11.25 km 3 a -1 additional water. Results show that the CWR increase in 2030s is mainly due to the increase in temperature. Under the projected temperature in 2030s and the current rainfall scenario, total CWR, CGWR, and CBWR increments were 8.58, 1.76, and 6.82 km 3 a -1 , respectively. Nearly 80 % of the CWR increment is from the increase in CBWR. Therefore, agricultural water shortage crisis will further aggravate under future climate change scenarios in NCP, and effective water-saving measures must be taken to mitigate the negative effects of climate change.
Introduction
Climate change and its impacts on food production and agricultural water management are major challenges which China will have to cope with in the twenty-first century (Piao et al. 2010 ). According to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), the global average surface temperature has increased 0.65-1.06°C in the past 130 years (1880-2012) (IPCC 2013; Qin et al. 2014 ). Climate change not only affects the spatial and temporal distribution of water resources, but also will increase the crop evapotranspiration, heightening the instability and imbalance of the supply and demand of agriculture water resources (Oki and Kanae 2006; Piao et al. 2010) . Therefore, understanding of adaptation to climate change is important for agricultural water security in the sustainable development of China.
One aspect of the climate change has been global warming. It may increase the potential evapotranspiration in the crop growing season which leads to decrease in the effectiveness of soil water, thereby increases the water requirement for irrigation. Crop water requirement (CWR) refers to the amount of water needed to compensate the evapotranspiration loss from the crop field during a specified period of time. The information is useful for management purposes in estimating irrigation water requirements, irrigation scheduling, and water delivery scheduling (Todorovic 2005) . So far, there have been considerable research attempting to model the effects of climate change on global water resources and agriculture production (Thomson et al. 2006; Mimi and Jamous 2010; Zhou et al. 2012; Yao and Xu 2013; Samper et al. 2015; Antonellini et al. 2014; Prȃvȃlie et al. 2014; Zinyengere et al. 2014; Thevs et al. 2015) . However, food production not only consumes ''blue water'' which is withdrawn from water bodies and groundwater and used for irrigation, but also relies on ''green water'' (rainfed agriculture) (Falkenmark 2003; Liu and Savenije 2008) . Accordingly, CWR can be partitioned into crop blue water requirements (CBWR) and crop green water requirements (CGWR). Recently, a much large amount of global green water and blue water assessments have been reported with different hydrological models (Rost et al. 2008; Hoff et al. 2010; Fader et al. 2011; Liu et al. 2009; Liu and Yang 2010; Zang et al. 2012; Zhang et al. 2014 ). In addition, many studies have investigated global change impacts on crop yield and consumptive blue and green water use by establishing different scenarios Zang et al. 2013; Chen et al. 2014) , but the impact of climate factors on CBWR and CGWR remains a rarely studied issue. For better management of agricultural water resources and food productions, it is important to understand CWR, CBWR, and CGWR at the current level and possible effects of climate change on them in the future.
The North China Plain (NCP) is known as the ''breadbasket of China''. It is an important food production base and plays a decisive role in guaranteeing nation grain safety. It accounts for 26 % of the total grain production, although it has only 21 % of the planting areas as well as 6.65 % of the water resources of China (Shi 2008) . As one of the sensitive areas of China, the water resources in NCP will be affected greatly under climate change, which can cause great impact on agricultural water use and food production for the region. Research showed that by 2030, climate change and increasing water demand will bring about increasing vulnerability to this region and aggravating the water shortage problems in the future (Xia et al. 2012) . Several researchers have investigated the potential impacts of climate variability on crop water consumption and crop productivity in NCP with different agricultural system models. For example, Liu and Lin (2004) analyzed the impact of different temperatures on water requirement of the main crops in NCP. Results showed that climate change will have great impact on water requirement of winter wheat, followed by cotton and summer maize. Mo et al. (2005) evaluated the spatial variations of crop yield, water consumption, and water productivity (WP) with SVATcrop growth model and found that spatial patterns of these items are closely related to water management patterns. Using the Vegetation Interface Processes (VIP) model, Mo et al. (2009) evaluated crop yield, water consumption, and water use efficiency (WUE) of winter wheat and summer maize in NCP from 1951 to 2006, and their responses to future climate scenarios. Results showed a rapid enhancement of crop yield in the past 56 years, accompanying with a slight increment of ET and noticeable improvement of WUE. For the future climate, it is found that winter wheat yield will increase by 19 % for A2 and 13 % for B1 scenarios, and summer maize yield will decline by 15 % for A2 and 12 % for B1 scenario, respectively. Based on the CERES-Wheat and Maize models, Guo et al. (2010) found that under the same scenarios, wheat yield ascended due to climatic warming, but the maize yield descended. And high temperature also has positive effect on water use efficiencies. Chen et al. (2010) investigated the response of crop productivity and water balance to climate variations and irrigation by using the APSIM model. Wang et al. (2013) analyzed the response of varietal and temperature changes on winter wheat in NCP. Results showed that the increase in temperature shortened the growth duration of winter wheat mainly by shortening the growth period from sowing to jointing. Xiao and Tao (2014) found that climate change contributed to wheat yield generally by -3.0-3.0 % from 1980 to 2009, however by -15.0 % for rainfed wheat in southern part of the NCP. Although these studies provide useful information for the development of applicable water management practices, they have focused on overall water requirements. Blue water requirements and green water requirements for major crops produced in NCP have not been well reported. Further studies on possible effects of climate change on CWR, CGWR, and CBWR for major crops in NCP are also barely reported.
There are many crop models that have been used for investigating CWR and crop yields. CROPWAT is one of them. It was developed by Food and Agriculture Organization (FAO) (FAO 2009) . CROPWAT has been widely used in assessing and predicting CWR, deficit irrigation scheduling, and cropping patterns in many countries of the world (George et al. 2000; Nazeer 2009; Wang and Feng 2012; Conrad et al. 2013; Chowdhury et al. 2013 ). The results of these studies indicated that the CROPWAT model is a reliable tool in understanding CWR, irrigation planning, and manage irrigation scheduling.
The objective of this study is to utilize climate datasets from 1961 to 2010 to investigate the water requirements of major crops (winter wheat, summer maize, cotton, millet, and soybean). It distinguishes the blue water requirements and green water requirements with a spatial resolution of 5 arc-minute by applying the CROPWAT model and understand the implications of climate change for CWR, CGWR, and CBWR in 2030s (from 2031 to 2040) over the NCP regions.
Materials and methods

Study area
NCP is one of the granaries in China, extending from 31°24 0 N to 42°42 0 N and 110°18 0 E to 122°42 0 E (Fig. 1) . It is located in the eastern part of China with an area of 33 9 10 4 km 2 , covering entire Beijing and Tianjin municipalities, the majority of Heibei, Shandong, and Henan provinces, and the northern parts of Jiangsu and Anhui provinces, which is an alluvial plain developed by the intermittent flooding of the Huang (yellow), Huai, and Hai rivers. NCP is located in the downstream of the Yellow River and mainly consists of loamy textural soil (Mo et al. 2013 ). The region is dominated by semi-humid monsoon climate with significant seasonal changes. The mean annual temperature and long-term average annual precipitation are in the range of 8-15°C and 500-950 mm, respectively (Zhao et al. 2013) . More than 70 % of the annual precipitation falls from July to September and decreases from northwest to southeast (Zhang et al. 1999; Fan et al. 2012) . The NCP has experienced a significant decrease in sunshine hours and radiation since 1961 and increasing air temperature since the early 1980s (Ding et al. 2006; Li et al. 2014; Piao et al. 2010) . Since the 1950s, the precipitation in the region has shown a decreasing trend which had a negative effect on agriculture water resources (Mo et al. 2009; Guo et al. 2010) .
Due to its excellent thermal conditions and flat terrain, the NCP has become one of the most important agricultural regions in China. The major crops in NCP are wheat, maize, cotton, millet, and soybean. It is the major production area for wheat and maize. Double-cropping production system of winter wheat-summer maize had advantages in the plain; due to insufficient precipitation in the growing season and irregular distribution among seasons, the spring crops (such as wheat) usually need supplemental irrigation to obtain favorite production. Although NCP accounts for 14 % of the total land area of China, it has only 7-8 % of the water resources. The region has high irrigation coverage and the agricultural water demand is high. During the wheat growing season, rainfall ranges from 100 to 180 mm and can only meet 25-40 % of crop water requirement. The water deficit in the winter wheat growing season (October to June) reaches up to 200-300 mm. Irrigation is the only source to maintain and enhance crop growth and yield, which cause a rapid decline in the groundwater table (Zhang et al. 1999; Iqbal et al. 2014) . Climate variability still dominated the impact of the hydrological system changes in the upstream and downstream areas (Lu et al. 2015) . It is predicted that agricultural water use would be 31.2 billion m 3 and agricultural water shortage will be 7.2 billion m 3 of NCP in 2030 (Zhang et al. 2011) . Water shortage has become the main restricted factors in the further development of the region and badly restricted the agricultural development.
Data collection
The data used in this study can be classified into three groups:
Meteorological data. In order to calculate the reference evapotranspiration (ET 0 ), the respective climatic data should be collected from the nearest and most representative meteorological stations. In our studies, the climatic data for the NCP have been obtained from China Meteorological Data Sharing Service system which included the standard meteorological observations about 77 meteorological stations. And the stations were spatially well distributed over the study area (Fig. 1 ). The dataset available from these stations included a time series starting on 1 January 1961 up to 31 December 2010 for the following parameters: rainfall, minimum and maximum temperature, humidity, wind speed, sunshine hours. Simulations were done using the mean value of each parameter. These data were used to predict CWR for the current climatic conditions. (Monfreda et al. 2008) . The SAGE dataset provides planting area of 175 primary crops in the year 2000 with spatial resolutions of 5 min. And the harvested areas of irrigated crops are calculated mainly based on the SAGE planting area data and the global map of irrigated areas (Siebert et al. 2007 ). The details of the planting area and planting and harvesting dates of corresponding grain crops are presented in Table 1 . The crop growth stage coefficient (K c ) was obtained from FAO database for each crop. The growing stages for different crops and values of K c at different growing stages for various crops are shown in Table 2 .
Soil and other data. The agricultural soil is mainly calcareous and alluvial soil in most NCP regions, but partly yellow and brown soil (Guo et al. 2010) . Other data such as latitude, longitude, and altitude were incorporated into the model.
Methods
Model description
CROPWAT is a decision support system which can simulate crop water requirements and irrigation requirements for various crops and under different climatic conditions (FAO 2009 ). The reference evapotranspiration, crop water requirements, and irrigation requirements are estimated based on a daily soil moisture balance using various options for the water supply and irrigation management conditions (Stancalie et al. 2010) .
To run the CROPWAT model, the program requires climatic parameters (e.g., maximum and minimum temperature, wind speed, sunshine, humidity, and rainfall), planting and harvesting dates of crops, soil type, and cultivation area of crops for estimating CWR. Given the required meteorology, crop and soil data, the CROPWAT model can be used to calculate CWR for each crop in decade of a month. The first step in the CROPWAT model is to predict CWR i on a 10 day basis as
where CWR i is the crop water requirement of crop i (mm/day), ET 0 is the reference crop evapotranspiration (mm/day), and K c is the crop coefficient at a specific growth stage. The parameter K c depends on the type of crop (e.g., height of crop, resistance of canopy, albedo), soil and climatic parameters, such as soil surface, evapotation, and wind speed and direction (Allen et al. 1998 ).
The Penman-Monteith explicit equation was used to determine ET 0 . The equation can be presented as
where ET 0 is the reference crop evapotranspiration, mm d -1 ; R n is the net radiation at crop surface, MJ m
; G is the soil heat flux, MJ m -2 d -1 ; T is the average air temperature recorded at 2.0-m height,°C; U 2 is wind speed measured at 2.0-m height, m s -1 ; (e s -e a ) is the vapor pressure deficit, kPa; 4 is the slope vapor pressure curve, kPa°C -1 ; c is the psychrometric constant, kPa°C -1 , and 900 is the conversion factor. In assessing CWR for a crop, the second step is to know the effective rainfall over the planted area. CROPWAT provided four common empirical methods for calculating effective rainfall: (1) fixed percentage; (2) dependable rain; (3) empirical formula; (4) USDA soil conservation service. The USDA soil conservation service method was used in the study as follows: 
where P eff is the effective rainfall (mm) and P tot is the measured total rainfall (mm).
Calculation of CGWR and CBWR
For rainfed crops, effective rainfall is the only source for soil water availability and CWR is all from green water.
For irrigated crops, due to lack of irrigation schedule information, we assumed sufficient irrigation water to meet crop water requirement. Under the irrigation condition, CWR is partly from green water and partly from blue water. Following the prediction of CWR i for each crop, the CGWR i and CBWR i in entire crop growth period can be predicted as
where CWR i , CGWR i , and CBWR i are crop green water requirement and crop blue water requirement for each crop in one grid cell, respectively (mm/day); the subscript i represents the crop code; P eff is the effective rainfall (mm/day). After simulating the CGWR i and CBWR i for each crop in one grid cell, the total CGWR and CBWR of all crops can be calculated based on the planting areas and irrigation proportion of different crops; kriging interpolation method was used to obtain the entire NCP regional CWR.
where CWR, CGWR, and CBWR are the total water requirements, green water requirements, and blue water requirements of all crops, respectively (m 3 a -1 ); the subscript i represents the crop code; n is the total number of crops selected; A is the planted area of crop i (ha); I i is the proportion of irrigation area in land area of crop i (%); the number 10 is used to convert from mm to m 3 ha -1 .
Validation of the model
The CROPWAT model is very sensitive to climatic and crop growth data. To run the CROPWAT model, we need to calibrate and validate the results with local measurements. This study used the observational data of winter wheat and summer maize and cotton to validate the estimated CWR by CROPWAT model. The measured data of typical sites were obtained from ''A contour map book of main crops water requirement in China'' (Chen and Guo 1993) and ''Irrigation water quota of main crops in the northern areas'' (Duan 2004) . Results in Table 3 shows that the comparison of estimated CWR of major crops with the observational data. The error ranges of winter wheat and summer maize and cotton were -12.27-1.71 %, -11.02-29.46 %, and -6.19-20.62 %, respectively. In the whole, the maximum relative errors of the three crops were found in Shijiazhuang station. In other observation stations, CWR relative errors were all around 10 %. The statistical analyses indicate that the CROPWAT model performs well in simulating CWR in the NCP regions.
Results and discussion
Crop water requirements in current climatic conditions
The spatial distribution of CWR, CGWR, and CBWR shows a trend that values in central regions were higher than that in north and south regions (Fig. 2) . The higher CWR values are mainly distributed in the south of Hebei, Shandong, Henan, Jiangsu, and the north of Anhui province. The proportion of irrigated areas along the Yellow River was large, which leads to high CWR and CBWR in Hebei, Shandong, and Anhui provinces. It indicates that CWR is not only impacted by planting areas, but is also related to the irrigation availability. In the south of Heibei, Shandong, the middle of Henan, Jiangsu, and the north of Anhui regions, due to the high cropping index and crop planting density, most of the annual crop water demand per grid was more than 10 million m 3 . As shown in Table 4 , the simulation mean annual CWR of major crops in crop growing periods amounted to 114.68 km 3 a -1 from 1961 to 2010. The highest CWR was found in Henan, Shandong, and Hebei provinces where the proportions were 27.23, 26.51, and 22.08 %, respectively. More than 72 % of CWR to support NCP crop production comprises green water. This is lower than the estimate of 81 % reported by Liu et al. (2009) . Among these regions, Anhui and Jiangsu provinces both have high green water proportion, exceeding 92 %, indicating that the crops in these regions mainly rely on rainfall. Other NCP regions all have CGWR proportions of below 76 %, which indicate high reliance of these regions on irrigation.
For different crops in the NCP regions, the main water requirement crops were winter wheat and summer maize. The proportions of CWR in the total crops water demand were 49.51 and 29.19 % respectively which account for four fifths of the total CWR of major crops (Fig. 3a) . As Fig. 2 Simulated CWR, CGWR, and CBWR for major crops (average of 1961-2010) winter wheat in NCP is the largest CWR in terms of harvested area and production, the simulated CWR values in different NCP regions were compared with those from Liu (2007) who estimated by GEPIC model (Table 5 ). In general, Liu (2007) provided a wheat water requirement value of 63.99 km 3 a -1 in NCP, which was more higher than our estimate of 56.78 km 3 a -1 in wheat growing periods. The results showed that the difference between wheat water requirement estimated by CROPWAT and GEPIC model was within the range of 37 % in the 7 regions. Figure 3b shows the percentages of CGWR for five different crops in NCP. Among these crops, the percentages of summer maize, millet, and soybean were 88.42, 88.66, and 84.78 %, respectively, which were higher than other crops. Winter wheat has the lowest green water proportion of 58.89 % among all major crops. In the NCP regions, the rainfall is relatively abundant and ranging from 430 to 1390 mm. However, 70 % of the rainfall is concentrated in the period from July to September (Wang et al. 2001) . During the winter wheat growing critical period (March to May), the rainfall in most regions is less than 80 mm which cannot meet the winter wheat water demand. The effective rainfall is far below the actual crop water consumption. Groundwater irrigation becomes an important practice to ensure high wheat yield. While the summer maize, millet, and soybean growing periods are generally during the rainfall seasons, natural rainfall can basically meet the crop growth need.
Impact of climate change on crop water requirements
To analyze the impact of climate change on CWR of different crops in the NCP regions, two scenarios are investigated as follows:(1) CWR, CGWR, and CBWR at RCP4.5 climatic scenarios in 2030s (S1); (2) CWR, CGWR, and CBWR at RCP8.5 climatic scenarios in 2030s (S2). CWR, CGWR, and CBWR at current climatic conditions (from 1961 to 2010) are used as baseline. According to the CMIP5 multi-model dataset, the 2030s temperature will go up to 1.2-1.4°C in NCP under different RCP scenarios. Assuming there is no change in the crop planting system and irrigation conditions in the future, the total CWR was predicted to be 123.43 and 125.93 km 3 a -1 for S1 and S2 scenarios, respectively (Table 6 ). Compared with the baseline climatic conditions, the total CWR in 2030s will require approximately 8.75-11.25 km 3 a -1 additional water. The increment of water requirement was between 8 and 10 % in 2030s. For different crops, future climate change will cause additional water requirements of 4. 31-5.20 results, Liu and Lin (2004) presented that the temperature increase of about 1-4°C will cause an additional water requirement of 1.47-19.1 km 3 a -1 for winter wheat, 0.59-6.86 km 3 a -1 for summer maize, and 0.14-1.65 km 3 a -1 for cotton. We find that our results for main crops in general fall in the range of those from Liu and Lin. Both the studies indicate that climate change will have great impact on CWR of winter wheat, followed by summer maize and cotton, and the least impact on soybean and millet. It also shows that winter wheat is the most sensitive crop to climate change.
To better understand the implications of different climatic factors on CWR, this study analyzed the contribution of different temperatures and rainfall conditions in 2030s to CWR increase. Take RCP4.5 climatic scenario as example, four conditions are depicted as follows: C1: Current a -1 additional water than C1. The CWR in C3 was almost similar to C1, which indicates that CWR is more sensitive to temperature than rainfall.
Further comparison details on CWR, CGWR, and CBWR changes under C1 and C2 conditions are shown in Table 7 . In C2 condition, total CWR, CGWR, and CBWR increments in 2030s were 8.58, 1.76 and 6.82 km 3 a -1 , respectively. Almost 80 % of the CWR increment is from the CBWR. Especially for the irrigation crops, such as wheat, cotton, and soybean, due to the rise in temperature, CWR increments in C2 were 4.23, 1.26, and 0.62 km 3 a -1 , respectively. Effective rainfall is far short from meeting the crop growth demands. The CWR increments were almost all derived from irrigation. There is no doubt that the agricultural water shortage crisis will further aggravate under future climate change in NCP regions.
Summary and conclusion
An accurate estimate of regional CWR with high spatial resolution and analysis of their responses to climate change are of great significance in planning the agricultural water resource management. By applying the CROPWAT model, this study investigated the current CWR, CGWR, and CBWR with a spatial resolution of 5 arc-minute for main crops in the NCP regions. Also, the possible impacts of future climate changes under RCP scenarios on CWR, CGWR, and CBWR were also investigated.
Mean annual total CWR of main crops in crop growing periods amounted to 114.68 km 3 a -1 during 1961-2010. The spatial distribution of CWR is closely related to the planting areas and irrigation availability. Highest CWR is found in Henan, Shandong, and Hebei provinces where the proportions were all above 22 %. For different crops, the large water consumers are winter wheat and summer maize, CWR proportions of which account for four fifths of the total CWR. Also, it is found that more than 72 % of CWR in NCP comprised green water. Summer maize, millet, and soybean have the high green water proportion with values of 88.42, 88.66, and 84.78 % respectively, while winter wheat has the lowest green water proportion with value of 58.89 % and its production heavily relies on irrigation.
The impacts of climate change on CWR, CGWR, and CBWR were investigated. The results suggest that CWR will significantly increase in 2030s under future RCP climate scenarios. Compared with the current climatic conditions, assuming there is no change in the crop planting system and irrigation conditions in the future, the total CWR in 2030s will require approximately 8.75-11.25 km 3 a -1 additional water. It is found that climate change will have great impact on CWR of winter wheat, followed by summer maize and cotton, and the least impact on soybean and millet.
To better understand the implications of different climatic factors on CWR, the contribution of temperature and rainfall to CWR was analyzed. The results show that CWR will require approximately 8.58 km 3 a -1 additional water under 2030s temperature and current rainfall condition, while CWR has no change under current temperature and 2030s rainfall. It indicates that CWR increase in 2030s is mainly due to the increase in temperature. Also, under 2030s temperature and current rainfall condition, total CWR, CGWR, and CBWR increments were 8.58, 1.76, and 6.82 km 3 a -1 , respectively. Almost 80 % of the CWR increment is from the increase of CBWR. It is undoubtedly that irrigation water use pressure will further aggravate under future climate change in NCP. 
